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ABSTRACT
Deuterium and lithium are light elements of high cosmological and astrophysical importance. In this work we report the
first detection of deuterated molecules and a search for lithium hydride, 7LiH, at redshift z=0.89 in the spiral galaxy
intercepting the line of sight to the quasar PKS1830−211. We used ALMA to observe several submillimeter lines of ND,
NH2D, and HDO, and their related isotopomers NH2, NH3, and H
18
2 O, in absorption against the southwest image of the
quasar, allowing us to derive XD/XH abundance ratios. The absorption spectra mainly consist of two distinct narrow
velocity components for which we find remarkable differences. One velocity component shows XD/XH abundances that
is about 10 times larger than the primordial elemental D/H ratio, and no variability of the absorption profile during the
time span of our observations. In contrast, the other component shows a stronger deuterium fractionation. Compared
to the first component, this second component has XD/XH abundances that are 100 times larger than the primordial
D/H ratio, a deepening of the absorption by a factor of two within a few months, and a rich chemical composition,
with relative enhancements of N2H
+, CH3OH, SO2 and complex organic molecules. We therefore speculate that this
component is associated with the analog of a Galactic dark cloud, while the first component is likely more diffuse.
Our search for the 7LiH (1–0) line was unsuccessful and we derive an upper limit 7LiH/H2 = 4 × 10
−13 (3σ) in the
z=0.89 absorber toward PKS1830−211. Besides, with ALMA archival data, we could not confirm the previous tentative
detections of this line in the z=0.68 absorber toward B0218+357; we derive an upper limit 7LiH/H2 = 5× 10
−11 (3σ),
although this is less constraining than our limit toward PKS 1830−211. We conclude that, as in the Milky Way, only a
tiny fraction of lithium nuclei are possibly bound in LiH in these absorbers at intermediate redshift.
Key words. quasars: absorption lines – quasars: individual: PKS 1830−211 – galaxies: ISM – galaxies: abundances –
ISM: molecules – radio lines: galaxies
1. Introduction
Studying the evolution of elemental abundances and iso-
topic ratios in the Universe allows us to trace the history
of nucleosynthesis. Predictions from the standard model
of Big Bang nucleosynthesis (BBN; see, e.g., Cyburt et al.
2016) set the theoretical abundances of light elements (i.e.,
the isotopes of H, He, and Li) given the baryon density,
neutron lifetime, and some essential nuclear reaction rates.
Heavier elements (C, N, O, ...) are subsequently produced
by stellar nucleosynthesis.
⋆ Spectra are available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
There is no known astrophysical source of deuterium
production so that the net evolution of the D/H ratio is
expected to be a slow decrease by astration (Epstein et al.,
1976). Observations of high-redshift quasar absorption sys-
tems provide a measurement of the primordial D/H ratio
of (2.527 ± 0.030) × 10−5 (see Cooke et al. 2018 and ref-
erence therein), in agreement with nucleosynthesis models
based on Planck cosmic microwave background (CMB) data
(Planck 2018 results, VI).
For lithium, measurements in the atmosphere of ex-
treme metal-poor stars converge to a “plateau” value of
Li/H = (1.6 ± 0.3) × 10−10, which appears lower than
predictions from BBN and CMB by a factor 3–4; this is
known as the so-called lithium problem (e.g., Fields 2011).
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A wide range of potential solutions to this problem have
been proposed, for example through stellar physics (e.g.,
Baraffe et al. 2017) or with varying fundamental constants
(Clara & Martins, 2020).
Measurements of D/H and Li/H abundances can also be
done, in principle, using molecules, via abundance ratios of
deuterated over hydrogenated isotopologues, XD/XH, and
LiH/H2, respectively. This, however, is complicated by as-
trochemical processes, which are interesting to study for
their own sake. For example, the difference in molecular
binding energy between the H and D isotopes of hydro-
gen can cause drastic enhancements of the isotopologue
abundance ratios XD/XH over the isotopic ratio D/H,
known as so-called chemical fractionation. Indeed, despite
the low D/H ratio of ∼ 10−5, XD/XH abundance ratios of
a few percent up to several tens of percent have been ob-
served in various sources in the Milky Way and for differ-
ent species, from the first detections of deuterated species
(DCN; Jefferts et al. 1973, and HD, Spitzer et al. 1973) to
the spectacular detections of triply-deuterated ammonia,
ND3 (Lis et al., 2002; van der Tak et al., 2002), and triply-
deuterated methanol, CD3OH (Parise et al., 2004). As for
extragalactic sources, deuterated molecules other than HD
have been detected so far in the Large Magellanic Cloud
(DCO+, DCN; Chin et al. 1996; Heikkila¨ et al. 1997) and,
tentatively, in the starburst galaxy NGC253 (DNC, N2D
+;
Mart´ın et al. 2006). Nevertheless, it is fair to say that as
a consequence of the sensitivity of chemical fractionation
to the temperature, studies of deuterated molecules usu-
ally serve more as diagnostics of the physical or chemical
conditions, rather than to establish a D/H ratio.
In this work, we report the first detection of three
deuterated species, ND, NH2D, and HDO, and an upper
limit to 7LiH, in the z=0.89 absorber against the quasar
PKS1830−211. We compare their absorption profiles and
column densities to those of other species, in particular NH2
and H182 O, and estimate the corresponding deuterium frac-
tions, which we find up to ∼ 10−3 in a narrow and chemi-
cally peculiar velocity component.
2. Observations
The data used in this study were observed with the
Atacama Large Millimeter/submillimeter Array (ALMA)
on 2019 April 11 and 2019 July 28, in the frame of two dif-
ferent science projects (2018.1.00692.S and 2018.1.00051.S).
Table 1 gives a summary of the observations.
The correlator was configured to cover four spectral
windows, each 1.875 GHz wide, with a resulting velocity
resolution of 1–5 km s−1 (after Hanning smoothing), de-
pending on the project. The data calibration was carried
out within the Common Astronomy Software Applications
package (CASA1), following a standard procedure. The
bandpass response of the antennas was calibrated from ob-
servations of the bright quasar J 1924−292. At millime-
ter/submillimeter wavelengths, PKS1830−211 appears as
two bright and compact continuum images (hereafter la-
beled as the NE and SW images) separated by ∼ 1′′. After
the standard gain calibration using the quasar J 1832−2039,
the visibilities were further self-calibrated on the continuum
of PKS1830−211, by one iteration of phase-only solutions
per 6 sec integration.
1 http://casa.nrao.edu/
The final spectra were extracted using the CASA
Python task UVMULTIFIT (Mart´ı-Vidal et al. 2014) by
fitting a model of two point sources to the interferomet-
ric visibilities. The equivalent beam resolution of the data
was largely sufficient to separate the two lensed images of
PKS1830−211, and this is even better done with visibility
fitting, given the simple source geometry and the very high
signal-to-noise ratio of the data. The observations on 2019
April 11 were done in full polarization mode (Marti-Vidal
et al., in prep.) with two consecutive executions which were
calibrated separately. The spectra, extracted from Stokes I
data, were then normalized to the continuum level and av-
eraged.
We note that most of the z=0.89 absorption lines are
seen only toward the SW image of PKS1830−2112, and
in this work we only discuss this line of sight. Nevertheless,
the spectra extracted from the NE image serve as a monitor
to control the quality of the spectral bandpass, that is, to
safely discard confusion with potential Galactic absorption,
atmospheric lines, or bandpass ripples.
The list of lines mainly discussed in this paper is
given in Table 2. All velocities in this paper are referred
to the heliocentric frame, taking a redshift of z=0.88582
(Wiklind & Combes, 1996).
Fig. 1. Spectra of the ND (N=1–0, J=2–1) (a) and (N=1–
0, J=1–1) (b) lines toward the SW image of PKS1830−211,
observed with ALMA in July 2019. The hyperfine structure
and the best fits with one single Gaussian velocity compo-
nent are shown. c) Corresponding ND opacity profile fitted
with one Gaussian velocity component (see Table 3), nor-
malized for an equivalent transition of line strength =1.
2 There is also some absorption toward the NE image, but only
seen for the strongest absorption lines, and with a velocity shift
of ∼ −150 kms−1, with respect to the peak of SW absorption
(see, e.g., Muller et al. 2014).
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Table 1. Summary of the ALMA observations of deuterated species toward PKS1830−211.
Date ALMA Nant PWV ton δv Beam Species
band (mm) (min) (kms−1) (arcsec)
2019 Apr 11 B6 43 1.0 66 4.7 0.6 NH2D, HDO, p-NH2, (
7LiH)
2019 Jul 28 B7 42 0.6 19 1.1 0.03 ND, o-H218O
Notes. Nant: number of antennas in the array; PWV: precipitable amount of water vapor; ton: on-source integration time; δv:
velocity resolution after Hanning smoothing.
Table 2. List of the observed lines of deuterated species and related species.
Line Rest freq. Redshifted freq.△ µ ‡ α ⋆
(GHz) (GHz) (D) (cm−2 km−1 s)
Observed on 2019 April 11
HDO (JKa,Kc=10,1–00,0) 464.924520 246.537 1.73 1.9× 10
13
o-NH2D (JKa,Kc=11,0–00,0, F=2–1) 470.271911
† 249.373 1.46 5.6× 1013♦◦
p-NH2 (NKa,Kc=11,0–10,1, J=1/2–1/2, F=3/2–3/2) 469.440621
† 248.932† 1.82 1.8× 1014♦◦
p-NH2 (NKa,Kc=11,0–10,1, J=1/2–3/2, F=3/2–5/2) 470.409052
† 249.445† 1.82 1.8× 1014♦◦
7LiH (J=1–0) 443.952930 235.416 5.88 2.5× 1011
Observed on 2019 July 28
ND (N=1–0, J=2–1) 522.077372† 276.844† 1.39 7.7× 1013♦
ND (N=1–0, J=1–1) 546.127619† 289.597† 1.39 7.7× 1013♦
o-H182 O (JKa,Kc=11,0–10,1) 547.676440 290.418 1.85 6.3× 10
12◦
Notes. △ For a redshift z=0.88582, in heliocentric frame; ‡ electric dipole moment; ⋆ coefficients to convert line integrated
opacity into column density Ncol = α
∫
τdv, calculated in the case of pure radiative coupling with CMB photons, i.e., taking
Tex = TCMB = 5.14 K; † frequency of the strongest hyperfine transition; ♦ for a hyperfine component with equivalent line
strength Sul = 1; ◦ the coefficient converts directly to the total (ortho+para) column density, assuming the OPR=3. Spectroscopy
parameters are taken from the Cologne Database for Molecular Spectroscopy (Mu¨ller et al., 2001, 2005; Endres et al., 2016) and
the Jet Propulsion Laboratory Molecular Spectroscopy catalog (Pickett et al., 1998) and references therein.
3. Results and analysis
3.1. Analysis of deuterated species
With these ALMA data, we detect three different deuter-
ated species: ND (two groups of fundamental hyperfine
structure transitions, N=1–0, J=2–1 at 522 GHz and
N=1–0, J=1–1 at 546 GHz, rest frequencies), ortho-NH2D
(11,0–00,0 fundamental transition at 470 GHz), and HDO
(10,1–00,0 fundamental transition at 464.9 GHz). Their ab-
sorption spectra are shown in Figs. 1 and 2.
In order to convert the observed integrated opacities
into column densities, we need to make some assumptions.
Since all species have large electric dipole moments, > 1 D,
we expect that their excitation is locked to the tempera-
ture of the CMB (see Muller et al. 2013). We define the
conversion factors α as Ncol = α
∫
τdv. In the case of pure
radiative equilibrium with CMB photons, the α factors can
be calculated with TCMB = 5.14 K at z=0.89 (again, see
Muller et al. 2013), and their values are given in Table 2.
In addition, we ran the radiative transfer code RADEX
(van der Tak et al., 2007) for NH2D and HDO, for which
preformatted collisional rates are available in the LAMDA
database (Scho¨ier et al., 2005), to check the effects of col-
lisional excitation in standard physical conditions in the
interstellar medium. The rates are taken from Daniel et al.
(2014) for NH2D and from Faure et al. (2012) for HDO. We
assume only H2 as collisional partner. We see in Fig. 3 that
indeed the corresponding α conversion factors remain con-
stant within 10% for volume density up to 104 cm−3 and
kinetic temperature in the range 10–100 K.
We further assume that the absorbing gas completely
and uniformly covers the background continuum emission
from the quasar, that is, a covering factor fc = 1. This
is supported by the fact that heavily saturated lines of
CO, HCO+, HCN, and H2O have already been shown to
reach absorption depths close to 100% toward the SW im-
age of PKS1830−211 (Muller et al., 2014). Concerning the
present dataset, other lines observed within the same tun-
ings as the deuterated species help to clarify this point.
The depth of the o-H182 O (11,0–10,1) and N2H
+ (3-2) lines
observed in July 2019 reaches a level of ∼ 50% of the con-
tinuum (Fig. 5), that is, de facto, fc > 50%. Besides, the
absorption profile of p-NH2 reaches a depth of ∼ 15% of
the continuum level and follows well the relative inten-
sities of the hyperfine structure (hfs) expected when the
sublevels are populated in proportion to their statistical
weights (Fig. 4). These facts suggest that the p-NH2 lines
are indeed optically thin, and we therefore expect that the
assumption fc = 1 has a negligible impact on the measure-
ments of column densities of lines weaker than that.
Since we are mainly interested in the XD/XH abun-
dance ratios (i.e., deuterated versus main isotopologues),
we would need to compare ND, NH2D, and HDO to the
corresponding NH, NH3, and H2O, respectively. However,
all the D-species were discovered as secondary products
of two projects with different science goals, not specifi-
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Fig. 2. Spectra of the ortho-NH2D (11,0–00,0) and para-
NH2 (11,0–10,1 J=1/2–1/2, F=3/2–3/2) (a) and HDO (10,1–
00,0) and ortho-H
18
2 O (11,0–10,1) (b) lines observed with
ALMA toward the SW image of PKS1830−211. The labels
in parenthesis (14), (19A), and (19J) stand for observa-
tions done in 2014, 2019 April, and 2019 July, respectively.
The spectra of p-NH2, o-H
18
2 O(19J), and o-H
18
2 O(14) were
scaled down in opacity by factors 5, 50, and 75, respec-
tively. The hyperfine structure of the ortho-NH2D line (see
TableA.4) is indicated, with the strongest hfs component
centered at a velocity of −4 kms−1.
cally targeting their main isotopologues. The first funda-
mental hyperfine transitions of NH (∼ 946 and 974 GHz)
could in principle be observed from the ground under good
weather conditions, but are redshifted just beyond the edge
of ALMA band 8 for z=0.89. Therefore NH is out of reach in
PKS1830−211’s absorber for the moment. As for both NH3
and H2O, the fundamental transition of their ortho form
has been observed previously with ALMA in 2012 (e.g.,
Muller et al. 2014, 2016b). However, known time variations
of the absorption profiles due to structural changes in the
morphology of the background quasar (Muller & Gue´lin
2008; Muller et al. 2014; Schulz et al. 2015) preclude us
from using these past observations directly without care-
ful comparison of reference spectra. In addition, the o-H2O
transition is heavily saturated, and we need to turn to a
rare isotopologue to get a proper line opacity measurement,
modulo the value of the isotopic ratio. Fortunately, several
other molecules, including NH2 and H
18
2 O, have transitions
detected simultaneously within the frequency range of our
observations. Hereafter, we use these complementary spec-
tra to unlock the XD/XH abundance ratios.
3.1.1. NH2 as a reference to unlock the abundances of
nitrogen hydrides in our data
Two groups of fundamental hyperfine structure transitions
of para-NH2 were observed simultaneously with NH2D on
2019 April 11, and two others were observed together with
ortho-NH3 back in 2012 (Muller et al., 2014); these de-
tections made it possible to determine the ND/NH and
NH2D/NH3 ratios. These spectra are compiled in Fig. 4.
The spectroscopy of NH2 is complicated by the geometry
of the molecule, unpaired electron spin, ortho/para states
due to two hydrogen nuclei, and hyperfine splitting due to
Fig. 3. Conversion factors α between integrated opacity to
column density derived with RADEX for the fundamental
transitions of NH2D and HDO, for a range of standard con-
ditions in the interstellar medium. We assume the OPR=3.
For the o-NH2D (11,0–00,0) transition, the conversion factor
corresponds to the calculation with a collapsed hyperfine
structure, i.e., 9 times lower than for an equivalent compo-
nent with line strength of 1 (Tables 2 and A.4). The white
curve indicates a departure of 10% over the pure radia-
tive equilibrium calculation for Tex = TCMB = 5.14 K. The
white dotted box labeled “SW los” indicates the range of
densities and temperatures previously estimated in the line
of sight to the SW image of PKS1830−211 by Muller et al.
(2013).
the nitrogen atom (see, e.g., van Dishoeck et al. 1993). The
present spectra concern para-NH2, so that the nuclear spin
hfs reduces to that of nitrogen. A study of NH2 excitation
was recently presented by Bouhafs et al. (2019). The criti-
cal density of the transition observed by us is on the order
of 108–109 cm−3 so that in our case the excitation temper-
ature remains close to the CMB temperature. Hence, as for
HDO and NH2D, we assume that the α opacity-to-column
density conversion factors for NH2 transitions are equal to
the values calculated for Tex = TCMB (Table 2).
We can deconvolve the 2012 and 2019 absorption pro-
files in a satisfactory way with two Gaussian velocity com-
ponents each (Fig. 4e). We observe clear time variations
between the 2012 and 2019 profiles, with, especially, an in-
crease by a factor ∼ 2 of the integrated opacity between
v = −10 km s−1 and v = 0 kms−1 in 2019. On the other
hand, the absorption profiles of p-NH2 and o-NH3 showed a
good match in 2012 (Fig. 4e) and yield a total column den-
sity ∼ 3× 1014 cm−2 for both, that is, NH2/NH3 ∼ 1, after
correction for the statistical ortho-to-para ratios (OPRs) of
4
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three for NH2 and one for NH3. Although OPRs can deviate
from their statistical values because they depend on the for-
mation temperature of the molecules and can be modified
by chemical reactions, we note that the observed deviations
are moderate, where OPR=2–4 for NH2 and 0.5–1 for NH3
(e.g., Persson et al. 2016; Le Gal et al. 2016).
Our NH2/NH3 ratio resembles the abundance sequence
for nitrogen hydrides NH:NH2:NH3= 3–2:1:1 observed in
the Galactic diffuse gas (Persson et al., 2010, 2012), and
is in stark contrast with that found in dark dense clouds,
3:1:19, where the abundance of ammonia seems to be en-
hanced by about one order of magnitude with respect to
NH and NH2 (Le Gal et al., 2014). This suggests a diffuse
nature for the absorbing gas in the z=0.89 absorber. We
emphasize, however, that our measurement NH2/NH3 ∼ 1
is derived for the 2012 line of sight and does not necessarily
hold in 2019, since it is not impossible that a different gas
component had been illuminated at that time.
A simple comparison of the absorption profiles of p-
NH2 and o-NH2D (Fig. 2a) reveals that they are not sim-
ilar. The absorption of o-NH2D is clearly detected for the
v ∼ −4 km s−1 velocity component, but falls in the noise
at v ∼ +5 km s−1, where p-NH2 still shows strong absorp-
tion. We fit the different spectra with Gaussian velocity
components and the best-fit results are given in Table 3.
Since o-NH2D and p-NH2 were observed simultaneously,
we can directly extract the abundance ratio NH2D/NH2 =
(2.7 ± 0.3) × 10−3 for the v ∼ −4 km s−1 velocity compo-
nent. Further assuming NH2/NH3=1, as we have discussed
above, we end up with the ratio NH2D/NH3 ∼ 3 × 10−3.
This corresponds to a deuterium fractionation of ∼ 100×
over the primordial D/H ratio. Taking an NH2/NH3 ra-
tio of 19, as observed for dark dense clouds (Le Gal et al.,
2014), would still yield a significant deuterium fractiona-
tion, ∼ 10× primordial. On the other hand, with the fit
results for the v = +5 km s−1 component (Table 3) and
NH2/NH3=1, we find a ratio NH2D/NH3 ∼ 4 × 10−4,
lower by almost one order of magnitude compared to the
v = −4 kms−1 component.
Now turning to ND for the v = −4 kms−1 compo-
nent, we see that its one Gaussian velocity component fit
is consistent in velocity centroid and line width compared
to the values found for NH2D. First assuming no time vari-
ations between April and July 2019, we derive ND/NH2D
= 2.7 ± 0.2, in good agreement with the Galactic diffuse
NH/NH3 ratio, which would imply a similar degree of deu-
terium fractionation for NH and NH3. Even if the column
density of ND might have increased by a factor ∼ 2 between
April and July 2019, as we discuss in the following section,
we still get an estimate of ND/NH2D near unity. With
the assumption NH/NH2 = 3, we further derive ND/NH
= (2.44 ± 0.07) × 10−3 for the v ∼ −4 km s−1 velocity
component3, consistent with the deuterium fractionation
obtained from NH2D/NH3.
To get an estimate of ND/NH for the v = +5 kms−1
component, we forced the fit of the ND spectrum with the
same two Gaussian velocity components obtained from the
fit of p-NH2 (Table 3). Assuming no time variations, and
NH/NH2 = 3, we obtain a ratio ND/NH = (1.3±0.8)×10−4,
3 The errors come from the fit uncertainties only, and in-
clude neither potential time variations nor the uncertainty on
the NH/NH2 ratio.
again roughly one order of magnitude lower than for the
v = −4 kms−1 component.
3.1.2. HDO
It is, unfortunately, more difficult to obtain a reliable D/H
ratio from HDO. H182 O was observed in July 2019, that
is, several months after HDO. The absorption profiles of
the two species (Fig. 2b) appear to be slightly different; the
peak of the v = −4 km s−1 velocity component is appar-
ently slightly shifted, beyond what we could expect owing
to the differences in velocity resolution and signal-to-noise
ratio between the two spectra only. The two profiles cannot
be reproduced in a satisfactory way by a joint fit.
Several observations point toward a significant variabil-
ity of the v = −4 kms−1 velocity component. We saw
the case of p-NH2 in the previous section. The funda-
mental transition of o-H182 O has already been observed in
2014 (Muller et al., 2016b), and we compare the two spec-
tra in Fig. 5a. At that time, the profile was mostly repro-
duced by two velocity components, at v ∼ −5 km s−1 and
v ∼ +5 km s−1, of roughly equal optical depth. While the
part of the profile with v > 0 km s−1 barely changed,
the line integrated opacity between v = −10 kms−1 and
v = 0 kms−1 increased by a factor of four between 2014 and
2019. Furthermore, the 31–20 transition of methanol at a
rest frequency of 445.571 GHz was also observed by ALMA
in 2019 April 11 and 2019 July 11 (Fig. 5b). The line inte-
grated opacity between v = −10 km s−1 and v = 0 km s−1
increased by a factor two within a few months. The time
variations of the absorption profile are further illustrated in
Fig. 5c, where we collect spectra of N2H
+ lines obtained in
2014, 2018, and 2019. Therefore, we can conclude that the
v ∼ −5 km s−1 component has been affected by significant
variations between 2014 and 2019 with an apparent global
increase of its optical depth. The observations are scarce,
but assuming that the lines of H182 O and CH3OH follow
each other, we estimate a variation by a factor two of the
integrated opacity between April and July 2019.
A second complication to derive HDO/H2O from the
HDO/H182 O abundance ratio arises with the required cor-
rection from the 16O/18O isotopic ratio. Fractionation
effects are expected to be negligible for H182 O (e.g.,
Loison et al. 2019), and we adopt the ratio 16O/18O =
69 ± 11 derived from observations of HCO+ isotopologues
by Muller et al. (2006, 2011). We recall that the 16O/18O
ratio measured in the z=0.89 absorber is lower that the
value in the local interstellar medium and solar system
(e.g., Lucas & Liszt 1998; Lodders 2003) by nearly one or-
der of magnitude, but comparable to the ratio measured
in another molecular absorber at z=0.68 (Wallstro¨m et al.,
2016).
Taking the integrated opacities for the v = −4 km s−1
component from Table 3 and applying the time variation
and isotopic ratio corrections discussed above, we end up
with a ratio HDO/H2O ∼ 1 × 10−3 that is comparable
to the deuterium fractionation measured from the nitrogen
species. Now for the v ∼ +5 kms−1 component, we see
from Fig. 2b that the opacity ratio of the HDO to o-H182 O
profiles is ∼ 75. Assuming that this velocity component
did not vary significantly between 2014 and 2019, as sug-
gested by the spectra shown in Fig. 5, we estimate a ratio
HDO/H2O ∼ 6×10−4. Although the uncertainties are high,
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Table 3. Results of Gaussian fitting.
Velocity component 1 Velocity component 2 Notes
Species Date v1 FWHM1
∫
τdv v2 FWHM2
∫
τdv
(km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)
p-NH2 2012 −6.0± 0.8 24.3± 0.8 0.81± 0.08 1.3 ± 0.1 12.2± 0.4 0.99 ± 0.08 2G
p-NH2 2019/04/11 −4.02 ± 0.06 6.9± 0.1 1.34 ± 0.03 † 4.5 ± 0.1 7.9± 0.2 0.87 ± 0.03 † 2Gt
o-NH2D – – (11.5 ± 1.2)×10
−3 † – – (1.0± 1.3)×10−3 † 2Gt
HDO – – (52± 11)×10−3 – – (17± 12)×10−3 2Gt
o-NH2D 2019/04/11 −3.5± 0.2 6.8± 0.4 (11.7 ± 0.6)×10
−3 † x x x 1G
HDO 2019/04/11 −3.8± 0.4 6.4± 0.8 (50± 8)×10−3 4.8 ± 1.9 8.7 + /− 4.0 (18± 8)×10−3 2G
ND 2019/07/28 −4.2± 0.1 6.3± 0.2 (22.7 ± 0.4)×10−3 † x x x 1G
ND 2019/07/28 −4.0 ⋄ 6.9 ⋄ (22.7 ± 0.5)×10−3 † 4.5 ⋄ 7.9 ⋄ (0.8± 0.5)×10−3 2G
o-H182 O 2019/07/28 −5.15 ± 0.02 5.71± 0.04 3.42± 0.03 −1.1± 0.1 17.6± 0.2 3.22 ± 0.04 2G
Notes. 1G,2G: fit with one or two Gaussian velocity component(s), respectively; 2Gt: all species fitted simultaneously with the
same tight 2-Gaussian velocity profile; † The integrated opacity is given for an equivalent hyperfine component of line strength
Sul = 1. To obtain column density, multiply the integrated opacity by the corresponding conversion factor α in Table 2. ⋄ Fixed
parameter.
the two velocity components seem to have slightly different
deuterium fractionations.
3.2. Comparison with profiles of other species
Chemical differentiation between velocity components was
already noticed by Muller et al. (2016a), with CF+ and
C absorption peaking at v ∼ +5 km s−1, in contrast to
13CO and CH3OH peaking at v = −5 km s−1. The spec-
tra of HCO+, HCN, H2S, H2CO, c-C3H2, CH2NH, H
18
2 O,
N2H
+, and CH3OH were observed concomitantly with the
D-species in July 2019, providing us with interesting clues
(Fig. 6). We also add the detection of the SO2(624–515)
line, which represents the first detection of SO2 toward
PKS1830−211. For comparison of the species, we normal-
ized their profiles to the v = −4 kms−1 peak 4. We can
clearly define two groups based on the absorption depth
ratio of the v = −5 km s−1 to v ∼ +5 kms−1 component.
Similar to the D-species and with a clear enhancement of
their absorption toward v ∼ −5 km s−1 and weak absorp-
tion at velocity v ∼ +5 km s−1, we find CH3OH, N2H+,
H182 O and SO2, although the latter has limited signal-to-
noise ratio. On the other hand, HCO+, HCN, and H2S,
which are known to be more ubiquitous in the diffuse gas
component (e.g., Lucas & Liszt 1996) have a deeper ab-
sorption component at velocity v ∼ +5 km s−1 relative to
the former group. CH2NH, H2CO, and c-C3H2 are in an
intermediate situation.
3.3. Non-detection of 7LiH
The spectrum of the 7LiH (1–0) line is shown in Fig. 7
and represents a non-detection. An upper limit on the in-
tegrated opacity of 7LiH can be calculated as 3στ
√
δv∆v,
where στ = 1 × 10−3 is the root-mean-square (rms) noise
level normalized to the continuum level per velocity channel
δv = 4.7 km s−1, and ∆v is the line width. To be conserva-
tive we take ∆v = 20 kms−1. With a conversion factor of
4 We note that we assumed the same constant covering factor
over the entire profile.
α = 2.5× 1011 cm−2 km−1 s, we then obtain an upper limit
of 7 × 109 cm−2 for the column density of 7LiH. Taking
the column density of H2 estimated along the SW line of
sight 5, 2 × 1022 cm−2 (Muller et al., 2014), we derive a
stringent upper limit 7LiH/H2 < 4× 10−13 (3σ).
Combes & Wiklind (1998) and Friedel et al. (2011)
both reported independent tentative detections of 7LiH (1–
0) absorption in the z=0.68 absorber toward B0218+357
with a column density on the order of 1 × 1012 cm−2.
Based on observations of B 0281+357 with the Plateau de
Bure interferometer, we estimate an H2 column density of
8 × 1021 cm−2 (Wallstro¨m et al., 2016), which would im-
ply an abundance ratio 7LiH/H2 ∼ 10−10. Since the over-
all chemical and physical properties of the absorbing gas
in the two molecular absorbers toward B0218+357 and
PKS1830−211 are comparable (see, e.g., Wallstro¨m et al.
2019), it is difficult to reconcile such several orders of mag-
nitude different relative abundance of LiH between them.
It is however likely that these tentative detections were due
to spurious artifacts 6. Indeed, ALMA archival observations
of the same 7LiH (1–0) line toward B 0218+357, taken in
October 2018 (project code 2018.1.00187.S) and reduced
with a similar process as described in Section 2, show no
line absorption feature down to a rms noise level of 1%
of the continuum level, with 1.1 km s−1 velocity resolution
(Fig. 8). For comparison, we also show the spectrum of the
13CO (4–3) line, observed simultaneously with LiH, which
appears to be a similar shape to other lines observed in the
past toward this source (i.e., Wallstro¨m et al. 2016). With
a conservative line width of 20 km s−1, we derive a column
density (3σ) upper limit for 7LiH of 3.5 × 1011 cm−2, cor-
responding to an abundance ratio 7LiH/H2 < 5 × 10−11,
less constraining than the upper limit obtained toward
PKS1830−211 by roughly two orders of magnitude.
Our upper limit toward PKS1830−211 is comparable
to that obtained by Neufeld et al. (2017) toward the Milky
Way dense cloud SgrB2, and two orders of magnitude lower
5 This column density of H2 might also be subject to a factor
of 2–4 uncertainty owing to the time variability of the source.
6 Although in principle, we cannot exclude time variations in
the absorption profiles.
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Table 4. Summary of the estimated XD/XH ratios toward the v = −4 km s−1 component, and their associated uncer-
tainties.
Ratio A/B Observed ratio Pivot species OPR Time variations † Final ratio A/B
ND/NH ND/p-NH2 NH/NH2=1–5
◦ OPR(NH2)=3 ×2 (0.7–7)×10
−3
NH2D/NH3 o-NH2D/p-NH2 NH2/NH3=1–20
◦ OPR(NH2)=3 – (1.4–27)×10
−4
HDO/H2O HDO/o-H
18
2 O
16O/18O=69± 11 ⋄ OPR(H2O)=3 ×2 ∼ 1× 10
−3
ND/NH2D ND/o-NH2D – OPR(NH2D)=3 ×2 1–3
o-NH2D/p-NH2 – – OPR(NH2D)=3 – 2.7× 10
−3
OPR(NH2)=3
Notes. † Time variations of the v = −4 kms−1 component between 2019 April 11 and 2019 July 11, inferred from observations
of the same transition of CH3OH, see spectra in Fig. 5; ◦ see Persson et al. (2010, 2012); Le Gal et al. (2014); ⋄ see Muller et al.
(2006, 2011).
than their upper limit along the Galactic diffuse line of sight
toward the bright submillimeter continuum source W49N.
In the interstellar medium, most of the lithium is in the
ionized form, Li+. The pathways to LiH, either by gas-phase
reactions or on dust grain surface, are indeed expected to
be slow and inefficient. Compared to the elemental abun-
dance of lithium in the solar system, Li/H = 1.8 × 10−9
(Asplund et al., 2009), our upper limit in the gas in the
PKS1830−211 absorber suggests that less than 2×10−4 of
the lithium nuclei are bound in LiH.
4. Discussion
Deuterated species had not been detected so far toward
PKS1830−211, although previous searches focused mainly
on DCO+ and DCN (e.g., Muller et al. 2006; Shah et al.
1999). Upper limits on the DCO+/HCO+ and DCN/HCN
ratios are (7 − 8) × 10−4 (Muller et al., 2011) and sug-
gest no strong deuterium fractionation for those two
molecules and for the gas column illuminated at that
time. However, the column of absorbing gas toward the
SW image of PKS 1830−211 has a multiphase compo-
sition (Muller et al., 2016a,b, 2017; Mu¨ller et al., 2015;
Schulz et al., 2015), and changes in the continuum back-
ground could occasionally illuminate clouds with different
chemical compositions.
The v = −4 kms−1 velocity component of the 2019
line of sight shows several peculiar features that are distin-
guishable from the v = +5 km s−1 component: 1) First, the
deuterium enhancement in the v = −4 kms−1 component
appears to be higher than in the v = +5 km s−1 component,
possibly up to one order of magnitude higher, although
the uncertainties are high. 2) The detection of several D-
species with a relatively high deuterium enhancement sug-
gests a relatively cold gas temperature, . 30 K for chemi-
cal fractionation to be efficient. Previous measurements of
the kinetic temperature in the SW line of sight toward
PKS1830−211 point toward higher values, Tkin ∼ 80 K
(Henkel et al. 2008; Muller et al. 2013). We note, however,
that these measurements were done by assuming a common
temperature and density over the whole absorbing gas col-
umn and at different epochs. 3) Next, the chemical compo-
sition for the v = −4 km s−1 component is clearly different
from the rest of the absorption system. The good match
between the profiles of N2H
+ and CH3OH is in agreement
with the correlation found by Gratier et al. (2017) in their
principal component analysis of Orion clouds. Interestingly,
they show that the two species are good tracers of dense
cores. 4) The detection of SO2 in the v = −4 km s−1 com-
ponent adds to its chemical peculiarity. SO2 is not seen
in diffuse clouds (Lucas & Liszt, 2002) but is observed in
translucent and thicker clouds (e.g., Turner 1995). 5) The
v = −4 km s−1 component shows a fast variability, with
variations of a factor of two within a couple of months while
the v = +5 km s−1 component barely changed (Fig. 5). This
further suggests a relative compactness. Indeed, within this
time interval, a plasmon in the quasar’s jet, traveling at a
superluminal speed of 10c in the plane of the sky, would
have an apparent motion covering less than one parsec in
the plane of the z=0.89 galaxy. We note that PKS1830−211
was breaking records in γ-ray and radio flares during
spring 2019 (cf. Astronomer’s Telegrams #12594, #12601,
#12603, #12622, #12685, #12739), and this activity may
be the cause of the absorption profile variability seen in
our observations. 6) Looking back at 2009, 2010, and 2011
observations performed by Muller et al. (2011, 2013), we
note that the centroid velocities of a few species, namely
CH3OH, HNCO, CH3NH2, HC3N, and NH2CHO (all com-
plex organic molecules) peak close to v = −4 kms−1 and
are clearly offset from the average velocity (v ∼ −1 km s−1)
of all other (> 20) molecules detected at the same time.
Overall, these properties suggest that the v =
−4 km s−1 component could be associated with a cold dark
cloud similar to those in the Milky Way.
5. Summary and conclusions
We have reported the first detection of deuterated species
in the z=0.89 molecular absorber toward the quasar
PKS1830−211. Our results are summarized as follows:
– The deuterated species, namely ND, NH2D, and HDO,
are seen enhanced in a narrow (full width at half max-
imum ∼ 5 km s−1) velocity component along the SW
line of sight, with a deuterium fractionation ∼ 100 times
over the primordial D/H. Another weaker velocity com-
ponent shows deuterium fractionation that is lower by
an order of magnitude.
– Chemically, the component with strong deuterium
fractionation is characterized by an enhancement of
CH3OH, N2H
+, and SO2 with respect to the rest
of the absorbing system and is also known to ex-
hibit absorption from several complex organic molecules
(Muller et al., 2011).
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– This velocity component also shows a remarkable time
variability with respect to the rest of the absorbing spec-
trum, with variations by a factor two in optical depth
within a couple of months, suggesting a typical size
smaller than a parsec.
– Based on all these properties, we speculate that this
velocity component could be associated with the analog
of a Galactic dark cloud.
– Finally, the non-detection of 7LiH yields a stringent up-
per limit LiH/H2 < 4 × 10−13 (3σ) in the interstellar
gas of the z=0.89 absorber, suggesting that only a small
fraction . 10−4 of the lithium goes into the LiH molec-
ular form.
Measurements of deuterium fractionation toward
PKS1830−211 could be improved by simultaneous
observations of the XD and XH isotopologues, and it will
be interesting to monitor the evolution of the absorption
profiles and variability of the different velocity components
in the future. A comprehensive chemical monitoring would
help to further investigate the nature and chemistry of the
absorbing clouds toward PKS1830−211.
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Appendix A: Complementary spectroscopy data
A.1. ND
A.2. para-NH2
A.3. ortho-NH2D
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Table A.1. Spectroscopy of the ND (N=1–0, J=2–1)
lines. Adapted from the Cologne Database for Molecular
Spectroscopy (Mu¨ller et al. 2001, 2005; Endres et al. 2016)
and (Saito & Goto, 1993).
F ’–F” Frequency Line
(GHz) strength
1–1 522.001051 0.01
2–3 522.008983 0.02
1–2 522.010645 0.03
0–1 522.010645 0.02
3–2 522.018947 0.03
2–1 522.025716 0.05
2–1 522.028729 0.03
2–2 522.035565 0.34
1–1 522.035565 0.25
3–3 522.035565 0.45
2–2 522.044320 0.41
1–2 522.045269 0.09
1–0 522.045999 0.22
1–1 522.047062 0.27
2–3 522.052068 0.08
0–1 522.056827 0.24
2–1 522.061936 1.21
1–2 522.062724 0.13
3–2 522.071292 1.87
2–1 522.071292 0.84
3–2 522.077372 2.00
4–3 522.077372 3.01
2–1 522.079529 1.35
1–1 522.080299 0.35
1–0 522.080635 0.34
1–1 522.081815 0.29
2–2 522.087347 0.33
2–2 522.089143 0.31
0–1 522.090049 0.07
3–3 522.094030 0.33
1–2 522.097427 0.02
2–1 522.104994 0.04
2–3 522.105866 0.01
1–1 522.115010 0.01
2–1 522.125613 0.01
3–2 522.129418 0.01
Fig. 4. a, b, c, d) Spectra of the different groups of fun-
damental hyperfine structure transitions of the para-NH2
(11,0–10,1) line observed with ALMA at different epochs to-
ward the SW image of PKS1830−211. The hyperfine struc-
ture is shown on top of each group in green. The 2012 and
2019 profiles were fitted each separately with two Gaussian
velocity components and the synthetic spectra correspond-
ing to the best fits are shown in red (matching the observed
spectrum in 2012) and blue (matching the observed spec-
trum in 2019). e) The last panel shows the 2012 and 2019
opacity profiles in velocity fitted for p-NH2 (i.e., profiles
deconvolved from the hyperfine structure and normalized
for an equivalent transition of line strength =1), with the
same color code as in a–d), as well as the profile of the
o-NH3 (10–00) transition (in green) observed in 2012 by
Muller et al. (2014), scaled to the peak of the p-NH2 2012
profile.
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Fig. 5. Spectra of the H182 O (11,0–10,1), CH3OH (31–20),
N2H
+ (2–1) and (3–2), and H2CO (414–313) lines observed
at different epochs with ALMA toward the SW image of
PKS1830−211, illustrating the time variations of the ab-
sorption profile.
Fig. 6. a) Spectra of species observed with ALMA in July
2019 toward the SW image of PKS1830−211. b) Same as
before but all profiles have been normalized to the peak
of the CH3OH absorption, except that of the SO2(624–515)
line, which was multiplied by a factor 10 in opacity.
Fig. 7. Non-detection of 7LiH (1–0) toward the SW image
of PKS1830−211.
10
S. Muller et al.: D-species toward PKS 1830−211
Fig. 8. Spectra of 7LiH (1–0) and 13CO (4–3) observed to-
ward B 0218+357 with ALMA.
Table A.2. Spectroscopy of the ND (N=1–0, J=1–1)
lines. Adapted from the Cologne Database for Molecular
Spectroscopy (Mu¨ller et al. 2001, 2005; Endres et al. 2016)
and (Saito & Goto, 1993).
F ’–F” Frequency Line
(GHz) strength
2–1 546.102011 0.25
1–1 546.102011 0.48
3–2 546.111204 0.31
2–2 546.111204 0.73
1–2 546.111204 0.16
3–3 546.127619 1.52
2–3 546.128110 0.18
1–1 546.128502 0.08
0–1 546.128678 0.16
2–2 546.137675 0.04
1–2 546.138031 0.36
1–1 546.140170 0.01
1–0 546.147805 0.13
2–1 546.147805 0.20
1–1 546.147805 0.15
1–2 546.149708 0.02
2–3 546.154476 0.58
3–2 546.163048 0.45
2–2 546.163048 0.23
1–2 546.163838 0.02
1–0 546.173407 0.09
2–1 546.174099 0.34
1–1 546.174586 0.00
0–1 546.174762 0.01
2–1 546.181052 0.04
1–1 546.181413 0.02
1–0 546.185075 0.10
1–1 546.186178 0.27
2–2 546.189884 0.35
1–2 546.190207 0.04
1–2 546.201986 0.54
2–1 546.207666 0.31
1–1 546.207666 0.41
0–1 546.207666 0.16
1–1 546.219450 0.04
Table A.3. Spectroscopy of the para-NH2 (NKa,Kc=11,0–
10,1) line. Adapted from the Cologne Database for
Molecular Spectroscopy (Mu¨ller et al. 2001, 2005;
Endres et al. 2016) and van Dishoeck et al. (1993).
J ’–J” F ’–F” Frequency Line
(GHz) strength
3/2–1/2 1/2–1/2 461.392564 0.15
3/2–1/2 461.399552 0.19
1/2–3/2 461.449562 0.02
3/2–3/2 461.456550 0.14
5/2–3/2 461.465106 0.52
3/2–3/2 3/2–5/2 462.424981 0.39
5/2–5/2 462.433537 2.10
1/2–3/2 462.448723 0.37
3/2–3/2 462.455711 0.91
5/2–3/2 462.464267 0.39
1/2–1/2 462.467171 0.47
3/2–1/2 462.474158 0.37
1/2–1/2 1/2–1/2 469.309333 0.08
1/2–3/2 469.366331 0.60
3/2–1/2 469.383623 0.59
3/2–3/2 469.440621 0.73
1/2–3/2 1/2–3/2 470.365492 0.18
1/2–1/2 470.383939 0.15
3/2–5/2 470.409052 0.50
3/2–3/2 470.439782 0.15
3/2–1/2 470.458230 0.02
Table A.4. Spectroscopy of the ortho-NH2D
(JKa,Kc=11,0–00,0) line. Adapted from the Cologne
Database for Molecular Spectroscopy (Mu¨ller et al. 2001,
2005; Endres et al. 2016).
F ’–F” Frequency Line
(GHz) strength
1–1 470.270720 3.0
2–1 470.271911 5.0
0–1 470.273657 1.0
11
